LINEAR ELECTRIC MOTOR CONTROLLER AND 
SYSTEM FOR PROVIDING LINEAR CONTROL 

FIELD OF THE INVENTION 
5 The invention relates to a method of, and system for, providing linear control 

of electric motors. Specifically, the present invention is directed to a method of and system 
for linear control of variable speed electric motors, such as for use in automotive vehicles. 

BACKGROUND OF THE INVENTION 
10 The electrical systems for which many electronic controllers are presently 

designed are typically, such as in automobiles, 12 V or 24 V systems. The controllers are 
typically attached to the car dashboard, seat bottom, or the like by being screwed into place. 

Control of present-day electric motors, such as those used in the heating 
ventilating and air conditioning (HVAC) systems of automobiles, has mainly been achieved 
1 5 using switch-mode technology, in which a fixed power supply is turned on or off as needed 
to control the speed of the electric motor. In the United States, this technology has been 
implemented primarily by use of a resistive divider or by pulse width modulation (PWM). 
A resistive divider operates by modulating the power provided to the electric motor by a 
constant or adjustable amount, resulting in a choppy or stepwise level of control. 
20 PWM works by modulating the timing of the lead and trail edges of the 

power signal to the electric motor. PWM results in a relatively inaccurate control of an 
electric motor, and may also introduce a choppy quality of control. 

Alternatively, some use has been made in Europe of a type of linear motor 
controller. A linear electric motor controller generally works by directly controlling the 
25 motor speed by setting the voltage of the power supplied to the electric motor. The speed of 
the electric motor has a linear relationship with the voltage of the power supplied to the 
motor, hence the term "linear." These systems are characterized by an xmdesirably large 
latency period, i.e., between detection and correction of the desired motor speed. 

Also, some use has been made of analog variable-direct current (DC) voltage 
30 for control of variable speed electric motors, with a method that involves using a low-pass 
filter to generate the DC voltage. The low-pass filter used to generate the DC voltage to the 
motor introduces a stepwise/choppy quality to the control of the motor vohage, similar to 
the use of a resistive divider. 

The widespread use of linear controllers for control of present-day variable 
35 speed electric motors, however, has been frustrated largely due to the large amount of heat 
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generated by such controllers, and the difficulty thus encountered in practice when using 
such controllers. As an example, linear controllers may require heat dissipation ratings of 
90-95 watts. Linear controllers used previously were designed so that the controller was 
remotely located from heat- sensitive structures, which tended to result in increased size of 
5 the controller module. The difficulty in cooling such linear controllers, thermal melting and 
breakdown of the material enclosing linear controller units, and a need for placement of the 
controller within a cooling air stream has limited the use of such controllers in practical 
applications. 

On the other hand, PWM-type controllers require a heat dissipation rating of 
10 only 6-10 watts, which advantageously allows for the controller to be located adjacent to 
heat-sensitive components such as plastics. The housing of contemporary electric motor 
controller units, however, is typically made of standard injection-molded polypropylene 
plastics, which can handle close contact with 6-10 watts of heat dissipation as with a PWM- 
type controller, but not the 90-95 watts involved with linear controllers. Thus, switch-mode 
15 or PWM-type controllers tend to be highly desired for commercial production applications. 

It would be desirable to overcome the various problems and disadvantages of 
both the heat-issues of linear control systems and the crude control of PWM-type 
controllers in the prior art to satisfy the design requirements for current electrical systems, 
in particular automotive systems. 

20 

SUMMARY OF THE INVENTION 
The present invention now provides an electric motor controller that can be 
both smaller and lighter in weight than a switch-mode controller of the prior art. This can 
help increase fuel economy, decrease vehicle size, or increase the space available within the 
25 vehicle for other uses, as well as combinations thereof, all of which are highly desirable 
achievements. The invention also optionally, but preferably, packages the circuitry of the 
controller into an integrated circuit to further reduce the weight and size of the controller. 

The controller includes an internal feedback mechanism to minimize control 
and monitoring latency, which provides for a more accurate control of the electric motor 
30 speed. This mechanism optionally, but preferably, incorporates a digital conversion to 
generate the motor voltage and current, thereby allowing for further increased accuracy 
compared to conventional low-pass filters. 

The linear motor controller can also include a suitable heat sink, capable of 
conducting heat from the controller, wherein the heat sink is made of a material and 



designed so as to maximize the dissipation of heat from the controller. This enables the 
controller to be located in closer proximity to plastic components and/or a plastic housing, 
which also then allows for the controller module to be designed smaller if desired. The 
controller housing and plastic components are designed to be more capable of withstanding 
the increased wattage of heat dissipated by the controller, thereby also allowing for the 
controller to be placed in closer proximity to the plastic components and/or housing, 
thereby also contributing to reduction in size of the controller module. Additionally, the 
placement of the controller is preferably optimized within a cooling airflow so as to 
facilitate heat dissipation from the controller through the heat sink. 

The invention relates to an automotive electric motor linear speed controller 
that includes a digital to analog converter means for converting an 8 bit digital signal to 
analog voltage for setting voltage across the electric motor, a digital state machine means 
for converting the duty cycle of an input signal for output to the digital to analog converter 
means, and a closed loop feedback loop means for monitoring and setting the voltage 
across the automotive motor. It is also advantageous to include an over-current sense 
circuit for monitoring the current across the electric motor, an over/under voltage sense 
circuit for monitoring a supply voltage to the electric controller, or both, although neither is 
strictly required. 

Another embodiment of the invention relates to a circuit arrangement in a 
variable speed automotive electric motor controller. The circuit arrangement includes a 
controller logic circuit for operating a controller logic finite state machine, in which the 
state machine sets the voltage supplied to an electric motor. It can also include a closed 
loop feedback for generating a signal indicating the voltage across the electric motor, which 
can then be input to the state machine for monitoring thereof 

In another embodiment, the invention includes a system incorporating at 
least the above-described automotive electric motor hnear speed control. In another 
embodiment, the invention includes a system for controlling the speed of an automotive 
electric motor, in which the voltage across the electric motor determines the speed of the 
electric motor. This system can include a digital to analog converter means for converting a 
digital signal to analog voltage for setting voltage across the electric motor, a 
microprocessor and associated digital memory for generating the digital signal, where the 
microprocessor is configured to instantiate and operate a digital state machine for 
converting the duty cycle of an input signal generated by an associated closed loop 
feedback means, and a closed loop feedback loop means for monitoring the voltage across 



the motor and generating a signal for input to the microprocessor. The invention also 
relates to an automobile including the above-described system. In a preferred embodiment, 
the system includes a temperature-control system. 

In one preferred embodiment, the invention relates to a linear speed control 
for an automotive electric motor that includes a digital state machine for converting the duty 
cycle of an input signal generated by an associated closed loop feedback, an over-current 
sense circuit for monitoring the current across said electric motor, an over/under voltage 
sense circuit for monitoring a supply voltage to the electric controller, a digital to analog 
converter for converting an 8-bit digital signal to analog voltage for setting voltage across 
said electric motor, and a closed loop feedback loop for monitoring the voltage across said 
motor and generating a signal for input to said digital state machine. 

The controller can also be packaged inside a controller module for ease of 
assembly into a final product, such as an automobile. Thus, the invention also relates to an 
electronic controller module including an electronic controller that generates at least about 
15 W of heat, an enclosure made of at least one heat-resistant material configured and 
dimensioned to substantially surround and physically protect the controller, at least one 
electrically-conductive member to provide input or output of at least one electrical signal 
through the enclosure to the controller, and a heat sink operatively associated with the 
controller to receive heat therefi-om, the heat smk being configured and dimensioned to 
dissipate a sufficient amount of heat to inhibit or avoid damage to the controller and 
enclosure. 

In one embodiment, the enclosure includes a lid which comprises the heat 
sink. In a preferred embodiment, the lid is made of a heat-resistant material and the heat 
sink includes a heat fm assembly mounted upon the lid that extends away therefrom. A 
portion of the heat sink can extend through the lid to a position adjacent the controller to 
facilitate heat dissipation. In one embodiment, the heat sink is made of a material that 
dissipates about 20 W to 150 W. The heat sink material can include any suitable thermally 
conductive material, including aluminum, copper, thermally conductive plastic(s), or a 
combination thereof. The heat-resistant material does not melt on exposure to about 150 W 
and typically includes an olefinic polymer, preferably one that includes amide imits. In a 
preferred embodiment, the olefinic polymer includes a polyamide-polypropylene copolymer 
and includes a filler in an amount sufficient to increase the heat-resistance thereof. 
Preferably, the filler includes talc, glass, ceramic, mica, silicate, clay, aramid, lithopone, 
silicon carbide, diatomaceous earth, carbonates, metal or an alloy or oxide thereof, 
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particulate carbonaceous material, hard particulate material, or combinations thereof. The 
filler can be present in any form, preferably whiskers, fibers, strands, or hollow or solid 
microspheres. 

In a preferred embodiment, the electronic controller is a linear controller 
5 capable of facilitating temperature control in an environment. Preferably, the enclosure is at 
least substantially rectangular. For example, the enclosure can have dimensions of about 3 
cm to 8 cm in length, about 1 cm to 4 cm in height, and about 3 cm to 6 cm in width. As 
another example, the heat sink includes at least two short fins having a length of about 0.25 
cm to 1 cm and at least two long fms having a length of about 1.5 cm to 6 cm, each adjacent 
10 the enclosure at one end thereof and extending away therefrom. Preferably, the at least two 
long fins include a first heat fin having a length of about 1 .75 cm to 2.25 cm and a second 
heat fin having a length of about 3.5 cm to 4.5 cm. 

In one embodiment, the lid and the enclosure are operatively associated via a 
pluraUty of projections and gaps to permit the hd to securely snap into place against the 
15 enclosure so as to collectively completely surround the electrical controller. In a preferred 
embodiment, the module further includes an insulating member between the controller and 
I " the lid and in contact therewith to inhibit or avoid thermal degradation of the controller. 

t^. Preferably, the insulating member can include at least one siUcone material that is 

i=* sufficiently flexible to at least p^ially conform to the controller. In another preferred 

20 embodiment, a thermal grout is included in the module and is disposed to facilitate the lid 
and the heat-resistant material being at least water-resistant. 

In one preferred embodiment, the controller includes a single circuit board 
having all controller components mounted thereon that is surrounded by the enclosure and 
the hd. 

25 The invention also relates to a method for dissipating heat firom an electronic 

controller by providing an enclosure around the electronic controller which generates at 
least about 15 W of heat during operation, associatmg a heat sink with the controller to 
receive heat therefrom, and dissipating a sufficient amount of heat to inhibit or avoid 
damage to the controller and enclosure. In one embodiment, the controller generates at 
30 least about 20 W to 150 W during operation. In another embodiment, at least about 90 
percent of the heat generated is dissipated via the heat sink. 

BRIEF DESCRIPTION OF DRAWINGS 
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The purpose and advantages of the present invention will be set forth in and 
apparent from the description that follows, as well as by practice of the invention. 
Additional advantages of the invention will be realized and attained by the methods and 
systems particularly pointed out in the vmtten description and claims hereof, as well as 
5 from the appended drawings, wherein 

FIG. 1 is a block diagram of a linear controller integrated circuit in 
accordance with a preferred embodiment of the current invention; 

FIG. 2 is a finite state machine diagram of controller logic used in a 
preferred embodiment of the current invention; 
10 FIG. 3 is a block diagram depicting the pinouts associated with the controller 

integrated circuit of an embodiment of the current invention; 

FIG. 4 is a top view of the module illustrating the heat fin and module 
Cj according to the invention; 

FIG. 5 is a perspective view of the top of the module and heat fms according 
15 to the invention; and 

FIG. 6 is a perspective view of the bottom of the module and electrical 
member(s) according to the invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
20 In accordance with a preferred embodiment of the invention, a method and 

system is provided to enable a linear electric motor controller that is smaller, Hghter in 
weight, or both, compared to switch-mode controllers of the prior art. By packaging the 
linear controller of an embodiment of the current invention in an integrated circuit, 
additional weight and/or size savings can be realized. It has now been discovered that such 
25 linear controllers can be prepared by advantageously including an internal feedback 
mechanism to monitor the voltage and thus speed of the controlled motor, which can 
provide superior control compared to the switch mode, or PWM, type controller. The 
inclusion of at least one internal feedback mechanism facilitates a decreased latency 
between detection and correction of deviations of the controlled electric motor speed. This 
30 can advantageously minimize control latency to facilitate more acciirate control of the 
electric motor speed. 

In one embodiment, an internal feedback that incorporates a digital 
conversion to generate the motor voltage and current can be used, thereby allowing for 
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further increased accuracy and smoothness of control over the use of low-pass filters of the 
prior art. 

It should be understood that the linear motor controller can be used or 
adapted for a variety of suitable applications, including control of electric motors, electric 
lights, and the like. In particular, the linear motor controller of the invention is specifically 
directed to its use in controlling electric motors in automotive systems, preferably 
automobile HVAC systems. 

Preferably, the linear controller of the invention is disposed on a single 
circuit board having all controller components mounted thereon. 

The integrated circuit block diagram of FIG. 1 specified below serves to 
realize the linear power module and control method according to an embodiment of the 
invention. 

The oscillator OSC 1 generates the 50% duty cycle used by the digital logic 
block 10. The clock frequency of the oscillator is about 150 kHz +/- 10%. A digital state 
machine means s realized in the digital logic block 10 of the linear integrated circuit 
controller. Other methods employing similar state machines to that described herein may 
be used as is well known to those of ordinary skill in the art. 

The closed loop feedback means of the current invention is embodied by 
operational amplifier OPAl 16, and operational amplifier 0PA3 14, in conjunction with a 
compensation loop. OPAl 16 is used as a differential ampUfier. It divides the input voltage 
by a constant value that is determined RDIF5/RDIF6 3 and resistors RDIF1/RDIF2 4. It 
defines the voltage across the motor - load CLP 18, which is then low pass filtered. The 
output of the low pass filter is then connected via a resistor to the input of the error 
amphfier OP A3 14. 0PA3 14 serves as the error amplifier and gate driver. In the case of 
an overcurrent, the gate drive is altered to maintain a fixed load current. After a set period 
of time, the output of the gate driver is set to 0 volts. 

The system transfer function CLP 18 may also be altered to allow for better 
matching to optimize performance of the monitor and control of the electric motor. The 
controller has the capability to operate with a ground offset of about +/- 2 volts. Also, the 
transfer function can be inverted if desired, and the slope and position of the transfer 
fimction can be modified within limits. 

The closed loop feedback 29 circuit monitors the voltage directly across the 
electric motor. The voltage is fed back into the controller integrated circuit and compared 
to the reference voltage generated by the digital to analog converter, DAC block 12. Based 
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on the difference, the loop changes the gate drive voltage using a field effect transistor 
(FET) controlling the voltage across the motor so as to eliminate the difference. This closed 
feedback loop makes it possible to keep the voltage across the motor constant imder varying 
loads and supply voltages. It also functions with optimal speed and smoothness. 
5 The digital-to-analog converter means for converting the 8-bit duty cycle 

information from the digital logic block 10 into an analog signal is provided by the DAC 
block 12 and associated circuitry. This circuit converts the 8-bit digital signal into voltage 
VO 19. It is this voltage that sets the reference that determines the voltage across the motor. 
The output of this circuit is coupled with a capacitor 28 to ground which provides low pass 

10 filtering and prevents the reference voltage from changing too quickly. This is important 
since the duty cycle is calculated on every cycle. The output of the DAC block 12 is VO 19 
(100%-duty cycle). 

The ISENSE block 20 forms a part of the compensation loop of the closed 
loop feedback means, and also functions as over-current and over/under-voltage circuits for 

1 5 monitoring the current and voltage suppUed to the electric controller. It fimctions by 

limiting or shutting down the output current in the motor. Li order to measure the current, 
the ISENSE block 20 measures the voltage across a shunt 1 mQ resistor (part of ISENSE 
block 20). Thus, 1 mV is equivalent to 1 Amp. Other size resistors could be suitably 
substituted, with a corresponding change in voltage and current. The ISENSE block 20 

20 compensates for the variation of the shunt copper resistor over a temperature range. The 
circuit is designed to provide a variable threshold of over-current. The actual value of the 
over-current is determined by the input signal. The lower the voltage across the motor, the 
lower the over-current threshold. The over-current threshold is broken down into 4 levels in 
the depicted embodiment. 

25 The over/under voltage circuit compares the system voltage to preset 

references. One reference is for an over- voltage condition, the other reference is for an 
under-voltage condition, hi either case, if the system voltage goes outside of the normal 
operation conditions, this circuit signals the state machine of the digital logic block 10 to 
turn the output off The over/under voltage circuit has a small amount of hysteresis at each 

30 threshold to prevent unwanted oscillations. 

The DIN block 22 takes the external pulse width modulated signal and level 
shifts it to a level compatible with the digital logic block 10. 

The POR block 24 resets the digital logic block 10 if the VDDl (input 
power) is below about 4.8V. 
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The VTOI block 25 and VP2VPH block 26 use accurate and stable voltage 
references to create accurate and stable current references. 

The BGAP block 27 includes a bandgap reference and a regulator. They can 
provide internal temperature stable voltage references. 
5 The HILOBAT block 23 senses the battery voltage and sends an overvoltage 

or an undervoltage conditional to the digital logic block 10, should the battery voltage be 
above approximately 17 volts or below approximately 8 volts, respectively. 

FIG. 2 is a finite state machine diagram of the digital logic block 10 in a 
preferred embodiment of the current invention. The finite state machine performs the 
10 function of converting the duty cycle of the input signal and determining the state of at least 
one linear power module. The duty cycle can be determined by comparing the value of one 
counter to another. The first counter typically keeps track of the time that the input signal is 
in a low condition. The second counter typically keeps track of tlie period of the input 
signal. Usually, the first counter is divided by the second counter once every cycle, and the 
1 5 result is an 8-bit value that can be passed on to the digital to analog converter. Since the 
counters are greater than 8-bits (16-bits), the linear motor controller can determine the duty 
cycle over a wide range of input frequencies. 

The controller also optionally but preferably includes guard bands at each 
end of the duty cycle scale. After the duty cycle is calculated, the result can be compared to 
20 see if it falls into either of the optional guard bands. If so, the state machine can command 
the output to be off if desired. The purpose of the guard bands, when present, is typically to 
cause the controller to enter a fail-safe mode when the input is shorted to battery or to 
ground. This can facilitate protection of the sensitive and/or expensive electronic circuitry 
and prevent it from being damaged. 
25 The state machine is also responsible for the control of the output when an 

over current situation is detected. Wlien an over current situation is detected for longer than 
a predetermined time, the state machine can turn the output off for approximately one 
second, and then turn the output back on to the level that the input line is signaling. If the 
fault is still present, the controller can repeat the same procedure. This can be arranged to 
30 continue until either the fault is removed or the unit is turned off by the operator to conduct 
diagnostics or repairs. 

When the input signal indicates that the electric motor should be off, the 
state machine can put the controller into a sleep mode until a valid input signal is applied. 
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The state machine of a preferred embodiment has six states and the signal 
lines and logic which cause state changes. The precise states, signal lines, and logic 
describing the state transitions may vary in a given embodiment, as is understood in the art. 
The description of these items for a preferred embodiment is not intended to limit the 
invention, but rather to be exemplary in nature. 

The state machine is typically instantiated and controlled by the controller 
integrated circuit, as the digital logic block 10 of Fig. 1 . As is well known in the art, the use 
of such an integrated circuit can also be accomplished by other means, including but not 
limited to the use of a general-purpose microprocessor and associated memory that are 
properly configured. 

The signal lines used by the state machine include registers that contain 
either binary or other data. A binary signal line has a value of either a '0' or a '1.' A non- 
binary signal may contain any value that can be stored in the register. These signals have 
both a default value, which is used on power up, and a reset value, which is used upon a 
reset. The default and reset values are not always the same. In a preferred embodiment, the 
various signals and registers used to control the state machine and their power-on default 
and reset values are given in the following table. 
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Table 1 - State Machine Signals and Defaults 



SIGNAL 
FaultCount 
FaultReset 
Lockout 
Run 

SOAFaultReset 
Sleep 
State 

TimeOutStart 
dacrst 



DEFAULT 

'0' 

'0' 

'C 



RESET 



•0' 
'0' 



'0' 
'0' 
'0' 

Current State 
•0' 
'0' 

"State" is a register value and is updated to contain the current state of the state machine, so 
no reset value is needed. FaultCount and FaultReset are used to track and signal a reset 
condition, so they have no given reset value. 



'1' 

•r 

'0' 
•0' 
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The controller typically operates on any suitable duty cycle, such as from 
about 15 to 150 Hz. Preferably, the duty cycle can be about 35 Hz with a precision of about 
0.4%. The InRange signal is set to '1' if the duty cycle is from about 5% and 95%. The 
5 InRange signal is set to '0' if the duty cycle falls outside this range. 

By default, the system powers on in SLEEP state 30, waiting for a vaUd 
PWM input. Whenever the controller receives a power on reset or an InRange = '0' 
condition, it returns back to the SLEEP state 30. Also, if the InRange line is '0' and the 
SOAFaultReset line is '0,' the state is set to the SLEEP state 30. 
10 The SLEEP state 30 remains valid and current while the FaultReset line is 

'0,' the Sleep line is '0,' and the cacrst hne is '1.' If the InRange line is set to '1' while in the 
, . SLEEP state 30, the controller logic shifts to the RUN state 3 1 . RUN state 3 1 is the normal 

? ■ 

O mode of operation, and the controller logic will remain in this state so long as the Run 

M interrupt signal line is '0' and the dacrst interrupt signal line is so long as another state 

^ 15 change is not caused by other signal lines. It is in the RUN state 3 1 that the state machine 
VJ allows the controller circuits to control the output. 

? • j . . . 

^ Should a battery problem occur, the Hilobat analog block the sets either the 

1^ LowBat or HighBat line to '1'. If this occurs while in the RUN state 3 1 , it will cause the 

controller logic to change to the BATTERY state 32. The HighBat and LowBat signal lines 

ijj 

'R 20 are latched. This helps to prevent false readings from transient events. 

I'* While in the BATTERY state 32, if both the LowBat and HighBat lines are 

again '0,' the controller logic will change back to the RUN state 3 1 . The LowBat signal line 
is set when a low battery condition is detected. An overcharged battery causes the HighBat 
signal line to be set. When a battery overcharge or undercharge condition is corrected, the 
25 relevant signal lines is reset, and the state is changed to RUN state 3 1 . A potential 
oscillation can be prevented by the hysteresis in the Hilobat block. 

Detection of an over current state causes the OverCurrent signal line to be set 
to '1' and changes the current state to OVERCURRENT state 34. The OverCurrent signal 
line is latched to prevent erroneous detection of the over-current condition. If the state 
30 machine is in OVERCURRENT state 34, and the Fault 5 signal Une is '1' (indicating that 
the over-current condition has occurred a predetermined maximum number of times), and 
the Lockout signal line is '1' (indicating that lockout is enabled), the state machine will 
change to the LOCKOUT state 35. While in the LOCKOUT state 35, the controller can be 
arranged so it will not operate unless the power is cycled or a reset is signaled. 



While in the OVERCURRENT state 34, after a specified period of time, a 
timeout will be signaled via the TimeOutStart interrupt line. This causes the state machine 
to shift to the TIMEOUT state 33 xmtil the timeout is complete, at which time the 
TimeOutDone signal line is set to '1' and the state machine returns the RUN state 31. The 
TMEOUTCOUNTER block is used to create a delay of approximately 1 second after an 
over current problem is detected. 

Thus, the digital state machine, over-current sense circuit, imder/over voltage 
sense circuit, digital to analog converter, and closed loop feedback circuit, when optionally 
but preferably all used in combination, include functional blocks of a custom integrated 
circuit that performs the functions of the linear power controller module of the cuirent 
invention. Of these, the functionality of the state machine, digital to analog converter, and 
closed loop feedback circuit are essential to an embodiment of the current invention. 

FIG. 3 depicts the physical and logical arrangement of the pinouts and 
associated analog circuitry of the controller integrated circuit of an embodiment of the 
current invention. The actual signals, pinouts and physical packaging of a controller 
integrated circuit may, of course, be modified by methods well known to those of ordinary 
skill in the art. The signals and their associated pin numbers of the controller integrated 
circuit of the embodiment herein described are given for exemplary purposes as follows. 

Table 2 - Pin assignments of the Motor Controller Integrated Circuit 
SIGNAL PIN BRIEF DESCRIPTION 

M2 1 Input to the -ve input of OP A3. Connected to CLP 

as part of the closed loop feedback. 
Ml 2 Connected to the output of OP A3 and is 

capacitively connected to M2 to provide stability 

and prevent oscillations. 
CIDLY 3 Connected to a capacitor. Capacitor value 

determines the time delay before the circuit can 

detect an overcurrent state. Provides a time delay to 

prevent false triggering of the overcurrent detection 

circuitry. 

ROSC 4 Coimected to Ground through a resistor which sets 

the oscillator bias which determines the oscillator 
firequency. 

12 
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CLP 



RBIAS 



CLIM 



TEST 



DIN 
DRV 

DGND 

DVDD 



AGND 
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MOTORN 15 



16 



ISENSEN 17 



The output of OP A3 14 and is capacitively 
coimected to M2 to provide stability and prevent 
oscillations. 

Connected to GROUND through a resistor, the 
resistor value determines the BIAS current of the 
ASIC to ensure proper operation. 
Connected to GROUND through a capacitor. The 
value of the capacitor determines the "slew" rate 
regarding the change of the output voltage across 
the motor. 

A special pin used by the manufacturer to 
test the integrated circuit. Left "open" or 
unconnected in the circuit in normal use. 
Input pin that the control signal is applied to. 
Output that supplies the appropriate voltage to the 
gate of the FET for a given voltage across the motor. 
The GROUND connection for the digital circuitry 
on the ASIC. 

Connected to the 5 volt bus for the digital circuitry 
on the ASIC and provides a coimection for a bypass 
capacitor to ensure proper operation. 
Used to determine the polarity of the input signal. 
If connected to DVDD the polarity is positive, if 
connected to GROUND the polarity is negative. 
Connected to the negative side of the motor. It is 
the input that is used to feedback the voltage across 
the motor to ensure the proper value of the voltage 
across the motor. 

The GROUND connection for the analog circuitry 
inside the ASIC. 

Connected to the negative side of the shunt and 
used to monitor the current flowing through the 
load. 
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ISENSEP 1 8 Connected to the positive side of the shunt and used 
with ISENSEN to monitor the current flowing 
through the load. 

VCC 1 9 Connected to the positive side of the voltage system 

through a resistor. This is the positive voltage 
connection of the ASIC. 

VDD 1 20 Connected to the 5 volt bus of the analog circuitry 

on the ASIC. Also provides a connection to a 
bypass capacitor to ensure proper operation. 

Pin 14 is not connected. 

The linear electronic controller of the invention is typically packaged in a 
module to protect the circuitry during transport, assembly into a fmal end product, and use 
thereof. The module includes a casing to protect the circuitry and facilitate transport, 
assembly, and use, and includes a suitable heat sink to dissipate sufficient heat to inhibit or 
avoid degradation of the efficiency of the controller and the module itself. Preferably, the 
module casing, also referred to herein as the enclosure, includes materials designed to 
withstand the high temperatures generated by the linear controller. It is additionally 
advantageous to optimize the placement of the controller in an embodiment so as to 
facilitate heat dissipation. This is facilitated by placement of the controller in an air stream, 
such as an HVAC system in which it can be employed. 

The present invention can provide one or more of the following benefits. 
The module of the invention including the linear electronic controller can be smaller than 
conventional automotive controller modules, which can advantageously permit placement 
of the module in a wider variety of locations. For example, HVAC electronic controllers 
can be disposed within the airflow in an increased number of locations between the intake 
vent(s) and the vent(s) to the passenger compartment. 

The module of the invention is an enclosure that at least substantially 
surrounds the electronic controller, and in one preferred embodiment it is at least 
substantially rectangular. Preferably, the enclosure completely surrounds the controller 
except for any electrically conductive members or holes of less than 2 mm for additional 
cooling that exist therein, hi one preferred embodiment, the enclosure includes a Ud. In 
one more preferred embodiment, the Ud is made of a heat-resistant material and the heat 
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sink comprises a heat fin assembly mounted upon the hd that extends away therefrom, hi 
another more preferred embodiment, the hd is the heat sink. 

The Hd and remainder of the enclosure are operatively associated to surround 
the controller circuitry, hi one embodiment, this operative association includes a plurality 
5 of projections and recesses on the lid and remainder of the enclosure so they can snap 
together. The modules of the invention can typically be at least about 25%, preferably at 
least about 33% smaller than conventional electronic controller modules, hi one preferred 
embodiment, the modules can be at least about 50% smaller than conventional modules. 
Conventional controller modules are typically at least 9 cm long x 4.75 cm across x 2 cm in 
10 height, not including any appendages for mounting or any heat fins attached thereto. Size 
can refer to either the footprint area or the volume, or both. A rectangular module typically 
has a length of about 3 cm to 12 cm, preferably about 4 cm to 8 cm. hi one preferred 
embodiment, the length is about 4.5 cm to 7 cm, while in another preferred embodiment it 
is about 5 cm to 6.5 cm. The width of such a rectangular module can, in one embodiment, 
f]j 15 be from about 3 cm to 7 cm, preferably from about 3.5 cm to 5 cm, while the height can be 

3 : 3 

Si from about 1 cm to 4 cm, preferably from about 1.5 cm to 2.5 cm. For example, the module 

^ can be 6 cm long x 4.75 cm across x 2 cm high, which is a 33% size reduction in footprint 

pj area compared to the conventional size module described above, 

ft The modules are preferably sized sufficiently to increase the placement 

Ci 20 options thereof, particularly when used in an air flow for HVAC control. For example, a 
conventional 9 cm long module has a certain number of places in which it can be disposed 
in the airflow of an HVAC system it is designed to control, but a 6 cm long module with 
otherwise identical size characteristics will have a greater number of suitable placement 
locations. Preferably, the modules of the invention are snapped into place in the desired 
25 system being electronically controlled, but they can alternatively or additionally use screws, 
clasps, brackets, nails, or any other suitable fastener to be secured. One desired location for 
HVAC electronic controllers is in the airflow being controlled, hi particular, the modules 
can be disposed within 10 cm of the fan blades or motor used to move the airflow. The 
controller module can also have one or more tabs, or mounting areas, integrally formed 
30 therewith to use in facilitating mounting of the module for the desired end-use. These tabs 
can extend away from the module in any direction, but in one preferred embodiment, they 
extend away in the same direction as the length of the module. 

The module of the invention is typically lighter weight than conventional 
modules due to improved electronic design, use of circuit boards, less material in the 
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smaller modules, and the like. This can reduce repetitive motion injuries in assembly 
personnel. More importantly, this can reduce the overall weight of the automotive vehicle, 
thereby providing improved fuel efficiency. Such modules can have their weight reduced 
by at least about 10 weight percent, preferably by at least about 20 weight percent according 
5 to the invention. The modules of the invention produce less noise and heat than 

conventional controller packages, as well as providing increased durability. The improved 
design includes various features such as use of an integrated chip instead of various off-the- 
shelf components or even the footprint or volume size reduction of the module, which 
reduces weight both in the smaller circuit board and the smaller module casing. 
10 Advantageously, the electronic controllers and modules of the invention can 

operate in various types of automotive electrical systems, including conventional systems 
|fe and even 42 V systems. The controllers of the invention can be used in any suitable 

S automotive application, including HVAC, motor control, lighting, or the like, or 

.'ES!» 

i?== combinations thereof In one preferred embodiment, the electronic controllers are blowout- 

fij 15 resistant or blowout-proof, such that the electrical system has minimized or avoids damage 
|1 when the car is jump-started improperiy. 

s The module casing of the invention is typically an enclosure formed of a 

pj material, which in one preferred embodiment is non-conductive, that is sufficiently heat- 

f" resistant to inhibit or prevent melting thereof under normal operating conditions of the 

IjJ 

C3 20 electronic controller therein. At least one electrically-conductive member is typically 
1,1, 

present to provide input or output of at least one electrical signal through the enclosure to 
the controller. The member can include a plurality of terminals, wire connections, or the 
like, or combinations thereof Preferably, the enclosure is formed of a heat-resistant plastic 
that will not melt or lose structural integrity when the controller is operated in an 85°C 

25 atmosphere while dissipating at least about 15Wtol50W. In one preferred embodiment, 
the module material is capable of withstanding operation at extremely low temperatures on 
the order of -40°C, as well. Testing showed that the modules of the invention survived at 
least 1000 cycles of normal operation at these temperature extremes. The heat-resistant 
plastic preferably includes an olefinic polymer, particularly one including amide units. 

30 Preferably, a polyamide-pol3^ropylene copolymer blend is included in forming the 

enclosure. In a preferred embodiment, the polyamide includes nylon units or is entirely 
nylon. An exemplary module material includes a nylon-polypropylene blend. 

More preferably, the enclosure of the module includes a mineral filler, such 
as talc, glass, mica, precipitated hydrated silica or other silicates, such as calcium silicates; 
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clay; ceramic; aramid; lithopone; silicon carbide; diatomaceous earth; carbonates such as 
calcium carbonate and magnesium carbonate; metals such as titanium, tungsten, aluminum, 
bismuth, nickel, molybdenum, iron, copper, boron, cobalt, beryllium, zinc, and tin; metal 
alloys such as steel, brass, bronze, boron carbide, and tungsten carbide, metal oxides such as 
5 zinc oxide, iron oxide, aluminum oxide, titanium oxide, magnesium oxide, and zirconium 
oxide; particulate carbonaceous materials such as graphite, carbon black, and natural 
bitumen; fly ash; or a hard particulate material as noted below, or the like, or combinations 
thereof. Each filler may be included as noted above, or in the form of whiskers, fibers, 
strands, or hollow or solid microspheres, or the like, or in a combination thereof. 
10 Preferably, the filler includes talc, mica, or glass in some form. In one embodiment, fibers 
are preferred. 

"Hard particulate materials," as defined herein, for optional use in the 
material of the invention include, but are not limited to: Actinolite; Aegirine; Akermanite; 
Almandine; Analcite; Anatase; Andalusite; Andesine; Andradite; Anorthite; Anorthoclase; 
15 Anthophyllite; Apatite; Arsenopyrite; Augelite; Augite; Axinite; Baddeleyite; Benitoite; 
Bertrandite; Beryl; Beryllonite; Bixbyite; Boracite; Braunite; Bravoite; Breithauptite; 
Brookite; Cancrinite; Cassiterite; Celsian; Chloritoid; Chondrodite; Chromite; Chrysoberyl; 
fj Clinozoisite; Cobaltite; Columbite; Cordierite; Cordundum; Cristobalite; Cummingtonite; 

f . Danburite; Datolite; Derbylite; Diamond; Diaspore; Diopside; Dioptase; Enstatite; Epidote; 

C3 20 Euclasite; Eudialite; Euxenite; Fayalite; Fergussonite; Forsterite; Franklinite; Gahnite; 

Gehlenite; Geikielite; Glaucophane; Goethite; Grossularite; Hambergite; Hausmanmte; 
Haiiyne; Hendenbergite; Helvite; Hematite; Hemimorphite; Hercynite; Herderite; 
Hornblende; Humite; Hydrogrossularite; Ilmenite; Jadeite; Kaliophyllite; Kyanite; 
Lawsonite; Lazulite; Lazurite; Lepidocrocite; Leucite; Loellingite; Manganosite; Marcasite; 
25 Marialite; Meionite; Melilite; Mesolite; Microcline; Microlite; Monticellite; Nepheline; 
Niccolite; Nosean; Oligoclase; Olivine; Opal; Orthoclase; Orthopyroxene; Periclase; 
Pekovskite; Petalite; Phenakite; Piemontite; Pigeonite; Pollucite; Prelinite; Pseudobrookite; 
Psilomelane; Pumpellyite; Pyrite; Pyrochlore; Pyrolusite; Pyrope; Quartz; Rammelsbergite; 
Rhodonite; Rutile; Samarskite; Sapphirine; Scapolite; Silica; Sodalite; Sperrylite; 
30 Spessartite; Sphene; Spinel; Spodiunene; Staurolite; Stibiotantalite; Tantalite; Tapiolite; 
Thomsonite; Thorianite (R); Topaz; Tourmaline; Tremolite; Tridymite; Ullmannite; 
Uraninite (R); Uvarovite; Vesuvianite; Wagemite; Willemite; Zircon; and Zoisite; and 
combinations thereof, as named in the table "Physical Constants of Minerals" fi*om the CRC 
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HANDBOOK OF CHEMISTRY & PHYSICS, 52ND EDITION 1971-1972 (P. 193-197) 
THE CHEMICAL RUBBER CO., CLEVELAND, OHIO. 

The module preferably includes a nylon-polypropylene blend that is glass- 
filled, preferably with glass fibers. An exemplary glass-filled nylon-polypropylene blend 
used to form the module casing includes the GAP EX class of materials, commercially 
available from Ferro Corp. of Cleveland, OH. 

The module includes a heat sink, which can be a heat fin portion attached to 
the module casing, a metal lid forming a portion or ail of at least one side of the module 
casing, or both. Other suitable heat sinks may be envisioned and used. The heat sink 
typically includes a heat fm assembly mounted upon the lid that extends away therefrom. 
In one embodiment, a portion of the heat sink extends through the lid into the enclosure and 
adjacent the confroUer. When a heat fin is used, any suitable shape for dissipating the heat 
produced by the electronic controller of the invention can be used. The heat fin can be cast 
or extruded, for example, but in one embodiment it is preferably extruded. For example, an 
extruded heat fin having two protrusions spaced about 0.75 cm to 1.25 cm apart with one 
being about 3.5 to 4.5 cm long and the other being about 1.5 cm to 2.5 long can be used. 
Alternatively, a heat fin with an alternating pattern of 3 small fins and 2 long fins as noted 
above can be used. The small fins can have a height of about 0.25 cm to 0.75 cm. Without 
being bound by theory, it is believed that the extrusion of the fin provides an improved 
grain structure that provides for more desired thermal performance in connection with the 
invention. 

Any sufficiently conductive material can be used for the heat sink or heat fin 
assembly so long as it can dissipate at least about 15 W to 150 W, preferably about 20 W to 
100 W. Typically, the heat fin assembly on the module of the invention should be able to 
dissipate the about 85 W to 95 W that the electronic controllers disclosed herein typically 
produce, and any suitable material can be used. Preferred fin materials include, for 
example, aluminum, copper, thermally conductive plastics, and any combinations thereof. 
When a lid forming at least a portion of one or more sides of the module casing is used, it is 
preferred that a sufficiently thermally conductive lid be used that forms an entire side of the 
module casing. It is also preferred that the lid snaps or otherwise connects directly to the 
remaining module casing, which can be made of heat-resistant plastic. Again, aluminum, 
copper, and thermally conductive plastic(s), or combinations thereof, are among the 
preferred thermally conductive materials for the lid. Protective coatings can be applied if 
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needed to inhibit or avoid oxidation, such as rust, or other forms of degradation typical in 
the environment in which the controller will be used. 

The heat sink preferably does not directly contact the electronic controller 
circuitry, particularly the transistor component(s), since electrical contact therebetween 
would likely damage some or all of the circuitry. A gap therefore typically exists between 
the circuitry and the heat sink. It is preferred to use an electrically insulating and thermally 
isolating material between at least the transistor component of the circuitry and the heat 
sink. Preferably, the electrically insulating material is in contact with a portion of both the 
heat sink and the controller. While any suitable electrically insulating material can be used, 
including silicone grease, mica wafers, SIL-PAD glass-epoxy materials, and the like, it is 
preferred that the electrically insulating material includes one or more dry silicone-based 
materials, i.e., non-greases. Preferably, at least one filler material is included in the 
silicone-based materials, and any of the other fillers disclosed herein may be used for such 
purpose. In particular, the SARCON class of silicones commercially available fi-om 
FUJIPOLY of Carteret, NJ are preferred. Exemplary SARCONs include GRI, GRM, and 
GRN, or combinations thereof. The insulating material can be used in sheet form, and is 
preferably pre-cut in the shape of small squares that c^ be pulled off a backing and placed 
in the module to thermally isolate the desired circuitry and heat sink. Preferably, the 
insulating material is soft and pliable so that it at least partially conforms to the shape of the 
adjacent circuitry and heat sink, particularly when the modular casing is closed to trap the 
insulating material therebetween. The electrically insulating, but thermally conductive, 
material typically has a thickness of about 0.25 mm to 5 mm. hi one preferred embodiment, 
the thickness is from about 0.5 to 1.5 mm. 

It is critical that the module be at least water-resistant, and preferably 
waterproof, to avoid short circuits or other electrical problems or dangers when moisture is 
present in the airflow around the module or on nearby surfaces. For example, water fi-om 
the air may condense on a nearby surface and drip onto the module. Thus, a water-resistant 
or waterproof seal is desired because any water that enters the module casing may 
compromise the electrical circuitry. When the heat sink is a heat-fin rather than a metal lid, 
a sealant is optionally, but preferably, used between the fin and heat-resistant plastic lid. 
The sealant preferably includes a thermal grout capable of providing sufficient sealing to 
inhibit or prevent the flow of water into the module casing. More preferably, the thermal 
grout includes one or more adhesives, such as a silicon adhesive. An exemplary silicon 
adhesive is a room temperature (RT) vulcanizing silicon adhesive. 
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In another embodiment, a mechanical fastener is optionally but preferably 
used to hold the lid tightly against the rest of the module, which has the desirable effect of 
pressing the flexible insulating material between the heat sink and the circuit board to 
prevent lateral slippage of the insulating material. For example, such mechanical fasteners 
include one or more clips, clamps, screws, bolts, nails, interlocking portions, or the like, or 
a combination thereof Alternatively, one or more adhesives can be used in place of or in 
addition to one or more mechanical fasteners. In one preferred embodiment, tiie lid is held 
to the rest of the module casing with one or more screws. 

In one embodiment, a plurality of terminals can be rammed into the module 
casing to provide electrical connections between the circuit board containing the electronic 
controller board inside the module and the plug or other wiring outside the module casing. 
Terminals so rammed into the module are optionally, but preferably, pasted to the circuit 
board with an electrically conductive paste. This can advantageously inhibit or avoid 
plastic waste, bent pins or terminals, and even the need for subsequent soldering of the 
terminals to the circuit board. In an exemplary embodiment, there are about 2 to 6 
terminals and they extend through the module on a side opposite the heat sink. Preferably, 
the terminals and heat sink are each disposed facing in the same direction as the height of 
the module, which is typically the smallest dimension of the module when considering the 
only heat-resistant enclosure. 

The invention also relates to methods of dissipating heat from electronic 
controllers, particularly the controller of the present invention. This is accomplished by 
providing an enclosure that is at least partially non-metallic around the electronic controller, 
which generates at least about 15 W of heat during operation and associating a heat sink 
with the controller to receive heat therefrom. The heat sink dissipates a sufficient amount 
of heat via the heat conducting heat sink to inhibit or avoid damage to the controller and the 
enclosure, particularly the non-metallic portions thereof. In one embodiment, at least about 
90 percent of the heat generated is dissipated via the heat sink. 

FIG. 4 shows an embodiment of a heat sink in the form of a heat fin 5 
attached to a lid 7 of a module 1 according to the invention. In this embodiment, the heat 
fin 5 is metallic and the lid 7 is a heat-resistant material that can be the same or different as 
the enclosure 10 of the module 1 adjacent the lid 7. 

FIG. 5 shows the heat fin 5 attached to the lid 7 of the module 1 according to 
the invention. In this perspective, the lid 7 is releasably secured to the remainder of the 
enclosure 10 by a plurahty of projections and recesses 12, 15. Also depicted in this 

20 



embodiment are two projections 17, 20 integrally formed with the module that can be used 
to releasably, or non-releasably, securely fasten the module 1 to a desired location, e.g., in 
an automobile system having a motor. 

FIG. 6 shows the bottom of the module 1 containing the electronic controller 
5 (not shown) in one embodiment. Two projections 17, 20 are included for fastening the 
module 1 to a desired location. The perspective view shows the lid 7 attached to the 
remainder of the enclosure 10 via the plurality of projections and recesses 12, 15. The 
bottom of module 1 also preferably contains a protective area 22 designed to protect an 
electrically conductive member 25, 26, 27 that permits information in the form of electronic 
10 signals to be transmitted between the electronic controller inside the module 1 and external 
motors, sensors, power sources, and the like. The electrically conductive member depicted 
includes 3 terminals. In another embodiment (not shown), the electrically conductive 
member can include a pair of wires that are connected to the controller inside the enclosure 
7, 10 and pass therethrough for connection to external electrical or other components as 
1 5 desired. Such wires can be in the form of a plug that can be readily connected to another 
component as desired to facilitate assembly of the module 1 when being installed in an end- 
use application. 

The term "about," as used herein, should generally be understood to refer to 
both numbers in a range of numerals. Moreover, all numerical ranges herein should be 
C3 20 understood to include each whole integer within the range. 

Although preferred embodiments of the invention have been illustrated in the 

accompanying drawings and described in the foregoing Detailed Description, it will be 
understood that the invention is not limited to the embodiments disclosed but is capable of 
numerous rearrangements and modifications of parts and elements without departing from 

25 the spirit and scope of the invention or the equivalent(s) of various features described 

herein. It will be understood that the chemical and/or mechanical details of every design 
may be shghtly different or modified by one of ordinary skill in the art without departing 
fi-om the teachings of the present invention. Thus, the present invention is not intended to 
be limited to the embodiments described and illustrated herein, but is to be accorded the 

30 broadest scope consistent with the teachings of the invention set forth herein. 
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